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Na /Ca Exchanger 

Target for Oxidative Stress in Salt-Sensitive Hypertension 

M. Tino Unlap, Elizabeth Bates, Corey Williams, Peter Komlosi, Iantha Williams, 

Gergely Kovacs, Brian Siroky, P. Darwin Bell 

Abstract — The Na + /Ca 2+ exchanger regulates intracellular calcium ([Ca 2+ ]i), and attenuation of Na + /Ca 2+ exchange by 
oxidative stress might lead to dysregulation of [Ca 2+ ]i. We have shown that the Na + /Ca 2+ exchanger differs functionally 
and at the amino acid level between salt-sensitive and salt-resistant rats. Therefore, the purpose of these studies was to 
determine how oxidative stress affects the activities of the 2 Na + /Ca 2+ exchangers that we cloned from mesangial cells 
of salt-resistant (RNCX) and salt-sensitive (SNCX) Dahl/Rapp rats. The effects of oxidative stress on exchanger activity 
were examined in cells expressing RNCX or SNCX by assessing 45 Ca 2+ uptake (reverse mode) and [Ca 2+ ]i elevation 
(forward mode) in the presence and absence of H 2 0 2 and peroxynitrite. Our results showed that 45 Ca 2+ uptake in SNCX 
cells was attenuated at 500 and 750 /xmol/L H 2 0 2 (63 ± 12% and 25 ±7%, respectively; n= 16) and at 50 and 100 ptmol/L 
peroxynitrite (47 ±9% and 22±9%, respectively; n=16). In RNCX cells, 45 Ca 2+ uptake was attenuated at only 750 and 
100 ptmol/L H 2 0 2 and peroxynitrite (61 ±9% and 63 ±6%, respectively; n = 16). In addition, the elevation in [Ca 2+ ]i was 
greater in SNCX cells than in RNCX cells in response to 750 jutmol/L H 2 0 2 (58±5.5 vs 17±4.1 nmol/L; n= 13) and 100 
/xmol/L peroxynitrite (33±5 vs 11±6 nmol/L; n=19). The enhanced impairment of SNCX activity by oxidative stress 
might contribute to the dysregulation of [Ca 2+ ]i that is found in this model of salt- sensitive hypertension. (Hypertension. 
2003;42:363-368.) 

Key Words: ion transport ■ oxidative stress ■ hypertension, sodium-dependent ■ calcium 



The Na + /Ca 2+ exchanger (NCX) is an important regulator 
of intracellular calcium concentration ([Ca 2+ ]|) in a 
number of different cell types, including afferent arteriole 
vascular smooth muscle cells and mesangial cells. 1 " 5 Utiliz- 
ing the electrochemical gradient for Na + , the exchanger 
transports 1 Ca 2+ ion for every 3 Na + ions that enter the cell. 
Thus, the exchanger regulates the level of [Ca 2+ ]i by serving 
as a major Ca 2+ efflux pathway. 

In our previous studies, we identified Na + /Ca 2+ exchange 
activity in afferent arterioles and mesangial cells of salt-re- 
sistant and salt- sensitive Dahl/Rapp rats. 245 Although ex- 
changer activity was present in these contractile cells from 
both strains of rat, there were differences in exchanger 
regulation. 2 ' 4 ' 5 Specifically, NCX activity was upregulated by 
protein kinase C in afferent arterioles and mesangial cells of 
salt-resistant but not salt-sensitive rats. 24 To examine the 
basis of this differential regulation by protein kinase C, we 
cloned and sequenced the NCX from mesangial cells of 
salt-resistant (RNCX) and salt- sensitive (SNCX) Dahl/Rapp 
rats. 5 We found that RNCX and SNCX, both isoforms of 
NCX1, are 100% homologous in the C- terminus membrane- 
spanning domains but differ by 1 amino acid (amino acid 
218) in the TV- terminus membrane- spanning domains. This 



amino acid residue is isoleucine in RNCX but phenylalanine 
in SNCX. The 2 isoforms also differ at the alternative splice 
site, where SNCX is encoded by exons B, D, and F and 
RNCX is encoded by exons B and D. Functional studies in 
opossum kidney proximal tubule (OK-PTH) cells expressing 
either RNCX or SNCX confirmed that RNCX but not SNCX 
was activated by protein kinase C. 5 In addition, recent studies 
demonstrated that SNCX has an impaired ability to regulate 
agonist-induced [Ca 2+ ]| increases. 5 ' 6 

Dysregulation of [Ca 2+ ]i can lead or contribute to deleteri- 
ous pathogenic conditions, including neurodegenerative dis- 
eases 7 and salt-sensitive hypertension. 1 ' 8 Recently, there has 
also been a preponderance of evidence implicating oxidative 
stress in the pathogenesis of hypertension, 910 and this effect 
of oxidative stress might occur, at least in part, through 
alterations in [Ca 2+ ]i dynamics. Because the NCX is 1 of the 
primary regulators of [Ca 2+ ] A , alterations in [Ca 2+ ]i dynamics 
under oxidative stress conditions might be attributed, at least 
to some extent, to dysregulation of the NCX. Susceptibility of 
the exchanger to oxidative stress was previously found in 
synaptic plasma membranes of Chinese hamster ovary-Kl 
cells expressing NCX, in which treatment with AAPH (a 
peroxyl-radical generator) or peroxynitrite attenuated ex- 
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changer activity through the formation of high-molecular- 
weight aggregates and NCX fragmentation. 11 In addition, 
Kaplan et al 12 found that induction of oxidative stress in 
gerbil forebrain synaptosomes by treatment with Fe-EDTA 
(200 /xmol/L, 30 minutes) resulted in a 47% reduction in 
exchange activity. Thus, the NCX appears to be sensitive to 
oxidative stress. This led us to the present studies in which we 
tested the idea that differences between RNCX and SNCX at 
the amino acid level might result in differential sensitivities 
of these 2 isoforms to oxidative stress. 

Methods 

Cell Culture 

OK-PTH cells (American Type Culture Collection, Manassas, Va) 
expressing either RNCX or SNCX NCX isoforms were grown and 
maintained as previously described. 2 - 4 - 5 

Reverse-Mode Exchanger Activity Measurements 

Although the physiologic function of the exchanger is to extrude 
Ca 2+ in exchange for Na + , the reverse mode of the exchanger can be 
assessed by using a Na + -dependent 45 Ca 2+ -uptake assay. 2 ' 4 ' 5 The 
effects of oxidative stress on exchanger activity were assessed by 
performing 45 Ca 2+ uptake in the presence of H 2 0 2 (500 or 750 
jiimol/L) or peroxynitrite (50 or 100 /xmol/L). Exchange activity is 
presented as nmol 45 Ca 2+ /mg protein per minute. 

Forward-Mode Exchanger Activity Measurements 

OK-PTH cells expressing either RNCX (ROK) or SNCX (SOK) 
were grown on coverslips to ^80% confluence. To load the cells 
with dye, coverslips were incubated in serum-free medium contain- 
ing 17 ptmol/L fura 2-AM (TEF Labs) dissolved in dimethyl 
sulfoxide for 1 hour at 37°C. The medium was removed, and the 
coverslips were placed in 150-Ringer's solution (150 mmol/L NaCl, 
5 mmol/L KC1, 1 mmol/L MgS0 4 , 1.6 mmol/L Na 2 HP0 4 , 
0.4 mmol/L NaH 2 P0 4 , 5 mmol/L D-glucose, 1.5 mmol/L CaCl 2 , and 
10 mmol/L HEPES). [Ca 2+ ]j measurements were then performed by 
using dual-excitation-wavelength fluorescence spectroscopy (Photon 
Technology International). Excitation wavelengths were set at 340 
and 380 nm, and emission wavelength was set at 510 nm. Data points 
were collected, with Photon Technology International software, at a 
rate of 5 points per second. Baseline fura-2 ratios were measured in 
cells bathed in 150-Ringer's solution for at least 100 seconds, and 
experiments were then performed only when the ratio remained 
stable. The effects of oxidative stress were assessed by perfusion 
with Ringer's solution containing either 750 jitmol/L H 2 0 2 or 100 
jiimol/L peroxynitrite, and the fura-2 ratio was monitored continu- 
ously for at least 1000 seconds. All solutions had a pH of 7.4, and 
temperature was maintained at 37°C 

Calibration of [Ca 2+ ]i 

Calibrations were performed to convert fura-2 ratios to [Ca 2+ ]j 
values. [Ca 2+ ]j was calculated by the equation described by Grynk- 
iewicz et al, 13 and the values for the variables in this equation were 
obtained in ROK or SOK cells, as previously described. 5 - 6 A[Ca 2+ ]j 
is the difference between [Ca 2+ ]j in the absence (baseline) and 
presence of treatment. The rate is calculated by taking the initial 
slope at which calcium begins to increase and is expressed as nmol 
Ca 2+ /s. 

Immunoblotting With NCX-Specific Antibody 

The effect of oxidative stress on NCX levels was determined by 
treating cells expressing RNCX or SNCX with a peroxyl-radical 
generator, 2,2'-azobis(2-amidinopropane) dihydrochloride (AAPH, 
5 mg/mL), or H 2 0 2 (750 jumol/L) for 30 minutes. Total protein was 
isolated and assessed (50 /xg) by immunoblotting with a rabbit 
polyclonal NCX antibody (Alpha Diagnostic International), as pre- 
viously described. 5 - 6 Before immunodetection, the polyvinylidine 





Figure 1. SNCX demonstrates greater sensitivity to H 2 0 2 and 
ONOO" than RNCX. Effects of oxidative stress on reverse- mode 
Na + /Ca 2+ exchange activity was assessed by performing 45 Ca 2+ 
uptake assays in the presence of (A) H 2 0 2 (500 or 750 /jtmol/L) 
or (B) peroxynitrite (50 or 100 jiimol/L) in OK-PTH cells express- 
ing RNCX or SNCX. Exchange activity is presented as nmol 
45 Ca 2+ /mg protein per minute for cells in the presence of a Na + 
gradient minus that for cells in the absence of a Na + gradient. 
Na + /Ca 2+ exchange activities were compared between control 
(CTL) and treated samples by ANOVA. Data are mean SEM. 
*P<0.05 vs control; n = 16. 

difluoride membrane was stained with 0.1% Ponceau S (Sigma) for 
3 minutes to evaluate the loading of proteins in each lane and then 
rinsed in double-distilled water. Only equally loaded lanes were used 
for comparison to assess the effect of each treatment. 

Cell Viability Assay 

To assess the viability of OK-PTH cells expressing RNCX or SNCX 
in the presence of AAPH (5 mg/mL) or H 2 0 2 (750 jiimol/L), cells 
were grown to confluence on coverslips and either left untreated or 
treated with AAPH or H 2 0 2 for 30 minutes, washed, and perfused 
with 150-Ringer's solution in the presence of the fluorescence dye 
2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxym- 
ethyl ester (BCECF, AM). The ability of cells to take up BCECF, to 
hydrolyze the ester, and to retain the fluorophore intracellularly is 
routinely used to assess cell viability. 14 BCECF fluorescence was 
measured by dual-excitation-wavelength fluorescence spectroscopy 
(Photon Technology International). Excitation wavelengths were set 
at 440 and 500 nm, and emission wavelength was set at 530 nm. Data 
points were collected, with Photon Technology International soft- 
ware, at a rate of 5 points per second and expressed as counts per 
second. 

Statistics 

Data analysis was carried out by ANOVA and an unpaired t test. The 
results are presented as mean±SEM. A probability value <0.05 was 
considered statistically significant. 

Results 

Effects of Oxidative Stress on Reverse-Mode 
Na + /Ca 2+ Exchange Activity 

To directly assess the effect of oxidative stress on exchanger 
activity, Na + /Ca 2+ exchange was examined in OK-PTH cells 
expressing RNCX or SNCX by measuring Na + -dependent 
45 Ca 2+ uptake in the presence or absence of H 2 0 2 (500 or 750 
/xmol/L) or peroxynitrite (50 or 100 /xmol/L). Cells express- 
ing SNCX were more sensitive to H 2 0 2 (Figure 1A) and 
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Figure 2. H 2 0 2 elevates [Ca 2+ ]j to a greater 
degree in cells expressing SNCX than in cells 
expressing RNCX. Effects of H 2 0 2 on [Ca 2+ ]j 
were assessed by perfusing fura-2-loaded cells 
expressing RNCX or SNCX with H 2 0 2 (750 
/Limol/L). Representative calcium tracings are 
shown for effects of H 2 0 2 on [Ca 2+ ]j in cells 
expressing RNCX (A) or SNCX (B), change in 
[Ca 2+ ]j (A[Ca 2+ ]j) (C), and the rate of increase in 
[Ca 2+ ]i in response to H 2 0 2 (D). Effects of H 2 0 2 
on A[Ca 2+ ]j and the rate of increase in [Ca 2+ ]j 
were compared between cells expressing 
RNCX and SNCX by ANOVA. Data are 
mean±SEM. *P<0.05 vs RNCX; n = 13. 



SNCX 



peroxynitrite (Figure IB) than cells expressing RNCX. H 2 0 2 , 
at 500 jLtmol/L, attenuated exchange activity in cells express- 
ing SNCX (63 ±12%, n=16) though not significantly affect- 
ing the activity of RNCX (93 ± 10%, n= 16). At 750 jamol/L, 
H 2 0 2 attenuated the activities of both RNCX (61 ±9%, n= 16) 
and SNCX (25±7%, n=16). Peroxynitrite, at 50 /xmol/L, 
attenuated the activity of SNCX (47±9%, n=16) but not 
RNCX (94±12%, n=16). At 100 ptmol/L, peroxynitrite 
attenuated the activities of both RNCX (63±6%, n=16) and 
SNCX (22 ±9%, n=16). 

Effects of Oxidative Stress on [Ca 2+ ]j Regulation in 
Cells Expressing RNCX or SNCX 

The effects of H 2 0 2 and peroxynitrite on [Ca 2+ ]| in OK-PTH 
cells expressing the 2 renal exchanger isoforms were also 
tested. This was accomplished by examining the change in 
[Ca 2+ ]i in response to H 2 0 2 and peroxynitrite. Cells express- 
ing RNCX or SNCX both showed increases in [Ca 2+ ]i in the 
presence of H 2 0 2 (Figures 2 A and 2B) or peroxynitrite 
(Figures 3 A and 3B). However, the increase in [Ca 2+ ]i was 
much greater for cells expressing SNCX compared with 
RNCX- expressing cells in response to H 2 0 2 (58 ±5. 5 vs 
17 ±4.1 nmol/L, n= 13) or peroxynitrite (33 ±5 vs 11 ±6 
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nmol/L, n=19), (Figures 2c and 3C, respectively). The 
significant difference in [Ca 2+ ]i responsiveness to oxidative 
stress was due to the rapid rate of increase in [Ca 2+ ]i in cells 
expressing SNCX, which was 3.4- (Figure 2D) and 4.8- 
(Figure 3D) fold greater than that for cells expressing RNCX 
in response to H 2 0 2 and peroxynitrite, respectively. 

SNCX and RNCX Exchanger Levels 

We previously reported in earlier studies that OK-PTH cells 
did not functionally express the exchanger, as evaluated by 
Na + -dependent 45 Ca uptake, 5 and that 2 OK-PTH cell lines 
stably transfected with RNCX or SNCX express comparable 
levels of exchanger proteins. 6 To test whether oxidative stress 
attenuates Na + /Ca 2+ exchange activity by reducing exchanger 
protein levels, immunoblot analysis was carried out on 
exchanger protein expression in response to AAPH (5 mg/ 
mL) and H 2 0 2 (750 jixmol/L) treatment, and the results 
(Figure 4) demonstrated that oxidative stress attenuates NCX 
protein levels. 

Cell Viability Assay 

The effect of treatments on cell viability was assessed by 
examining the rate at which each cell line took up BCECF in 
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Figure 3. Peroxynitrite elevates [Ca 2+ ]j to a 
greater degree in cells expressing SNCX than in 
cells expressing RNCX. Effects of peroxynitrite 
on [Ca 2+ ]j were assessed by perfusing fura-2- 
loaded cells expressing RNCX or SNCX with 
peroxynitrite (250 /mmol/L). Representative cal- 
cium tracings show effects of peroxynitrite on 
[Ca 2+ ]| in cells expressing RNCX (A) or SNCX 
(B), change in [Ca 2+ ]j (A[Ca 2+ ]j) (C), and the rate 
of increase in [Ca 2+ ]j in response to peroxyni- 
trite (D). Effects of peroxynitrite on A[Ca 2+ ]j and 
the rate of increase in [Ca 2+ ]j were compared 
between cells expressing RNCX and SNCX by 
ANOVA. Data are mean±SEM. *P<0.05 vs 
RNCX; n = 19. 
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Figure 4. AAPH and H 2 0 2 attenuate NCX levels. Cell lysates 
from OK-PTH cells expressing RNCX or SNCX, which were 
either left untreated or treated with AAPH (5 mg/mL) or H 2 0 2 , 
were isolated as described in Methods. Samples were fraction- 
ated on 7.5% sodium dodecyl sulfate polyacrylamide gels, 
transferred to polyvinylidine difluoride membranes, and immuno- 
detected with a rabbit polyclonal NCX antibody. Representative 
immunoblots show the 120-kDa band in AAPH- (A) and H 2 0 2 - 
(B) treated cell extracts from untreated (1, 2) or treated (3, 4) 
cells expressing RNCX (1 , 3) or SNCX (2, 4). 

the absence and presence of AAPH (5 mg/mL) or H 2 0 2 (750 
jumiol/L). The results (Figure 5) showed that neither AAPH 
nor H 2 0 2 significantly affected the viability of OK-PTH cells 
expressing RNCX or SNCX. 

Discussion 

Oxidative stress, marked by excessive levels of reactive 
oxygen species, has been implicated in the pathophysiology 
of hypertension in 2 rat models, the spontaneously hyperten- 
sive rat and the salt-sensitive Dahl/Rapp rat. In the sponta- 
neously hypertensive rat, reducing oxidative stress by treat- 
ment with tempol, a superoxide dismutase mimetic, or by 




Figure 5. AAPH and H 2 0 2 did not significantly affect cell viabil- 
ity. OK-PTH cells expressing RNCX or SNCX were plated on 
coverslips and grown to confluence. Coverslips were either left 
untreated or treated with AAPH (5 mg/mL) or H 2 0 2 (750 /mmol/L) 
for 30 minutes and perfused with Ringer's solution in the pres- 
ence of the fluorescence dye BCECF. Ability of the cells to take 
up BCECF was monitored using dual-excitation-wavelength flu- 
orescence spectroscopy (Photon Technologies International). 
Data are mean±SEM; n=3. 



blockade of angiotensin II type I receptors attenuated oxida- 
tive stress significantly and tended to normalize the mean 
arterial pressure in these rats. 15 In the salt- sensitive Dahl/ 
Rapp rat, a high-salt (8% NaCl) diet resulted in elevated 
systolic pressure 16 ' 17 and oxidative stress 1618 and induced 
heart failure. 16 The use of the angiotensin-converting enzyme 
inhibitor cilazapril, in the presence of a high-salt diet, resulted 
in lower blood pressure and oxidative stress and prevented 
heart failure. 16 

The exact mechanism(s) through which oxidative stress 
contributes to the etiology of hypertension is not fully 
understood. However, studies have shown that increased 
oxidative stress affects hypertension, in part by reducing the 
levels of nitric oxide (NO), which is generated through the 
metabolism of L-arginine. 15 1718 NO is an antihypertensive 
factor that stimulates dilation and relaxation of vascular 
smooth muscle cells, decreases platelet aggregation and 
adhesion, and decreases the growth of vascular smooth 
muscle cells. 19 ' 20 Thus, reduction in NO can lead to aug- 
mented vasoconstrictive responses, increased blood viscosity 
and resistance to blood flow, and hypertension. 

Under oxidative stress conditions, NO depletion occurs by 
the reaction of NO with the superoxide anion (0 2 ~) to form 
peroxynitrite (ONOO). The presence of peroxy nitrite can 
lead to a number of adverse effects, including protein nitra- 
tion, 21 lipid peroxidation, 21 DNA degradation, 21 enhanced 
tubuloglomerular feedback responses, 15 22 and dysregulation 
of [Ca 2+ ]i homeostasis. 23-25 Elevation of [Ca 2+ ]i under oxida- 
tive stress conditions has been shown in mammalian cells, 
including rat fasciculate reticularis and glomerulosa cells, 26 
distal colon and colon (CaCo) cells, 27 ' 28 leukemic (AML) 
cells, 29 pheochromocytoma (PC 12) cells, 29 alveolar macro- 
phages, 30 vascular endothelial cells, 31 and vascular smooth 
muscle cells. 32 In all of these cell types, induction of 
oxidative stress by a variety of conditions led to abnormal 
increases in [Ca 2+ ]i. A number of studies have found that the 
adverse effects of oxidative stress can be attenuated by 
treatment with either calcium chelators, such as BAPTA 
[bis-(<9-aminophenoxy)-ethane-Af,Af JST -tetraacetic acid/tet- 
raacetoxymethyl) or EGTA, the addition of antioxidative 
enzymes (superoxide dismutase and catalase), or treatment 
with antioxidants (vitamin E and uric acid). The attenuation 
of the adverse effects of oxidative stress through the use of 
calcium chelators is strong evidence that at least part of the 
deleterious effects of oxidative stress is mediated through 
elevations of [Ca 2+ ]|. Therefore, current evidence suggests 
that dysregulation of [Ca 2+ ] h which has been attributed at 
least in part to a decrease in exchange of Ca 2+ for Na + , 33 
might be 1 link between oxidative stress and hypertension. 

The role of the renal NCX in the regulation of renal 
hemodynamics has been elegantly demonstrated in a recent 
study that showed that inhibition of afferent arteriole Na + / 
Ca 2+ exchange increased renal vascular resistance. 34 Previous 
work from our laboratory has identified the presence of 
functional activity of the NCX in renal contractile cells. 2 ' 4 
Through reverse transcription-polymerase chain reaction- 
based cloning, we identified functional and amino acid 
differences between renal contractile cell exchanger isoforms 
from SNCX and RNCX rats. Thus, we sought to examine the 



Downloaded from hyper.ahajournals.org by on February 13, 2011 



Unlap et al Oxidative Stress Attenuates Na + /Ca Exchanger Activity 367 



effect that oxidative stress might have on the exchange 
activities of these 2 NCX isoforms. SNCX and RNCX show 
differences at the amino acid level, at the Af-terminus at amino 
acid 218 (Irncx^Fsncx)* an d at the alternative splice site, where 
this region is encoded by exons B and D in RNCX and by B, 
D, and F in SNCX. Our functional studies indicated that 
SNCX had an impaired ability to regulate agonist-induced 
[Ca 2+ ]i increases compared with RNCX. Therefore, the ratio- 
nale of the present studies was as follows. When placed on a 
high-salt diet, the SNCX rat has been shown to generate 
excess reactive oxygen species and exhibits high levels of 
oxidative stress. There is also ample evidence for the dys- 
regulation of [Ca 2+ ]i in this model of hypertension. Because 
the salt- sensitive rat expresses an altered form of the NCX 
with a compromised ability to regulate [Ca 2+ ] i? dysregulation 
of [Ca 2+ ]i under oxidative stress conditions might be due, at 
least in part, to enhanced susceptibility of the SNCX isoform 
to oxidative stress. This enhanced susceptibility to oxidative 
stress would then reduce the ability of this exchanger isoform 
to regulate [Ca 2+ ]i. 

Using OK-PTH cells stably expressing either RNCX or 
SNCX, we showed by 45 Ca 2+ -influx assays that assessed 
reverse-mode Na + /Ca 2+ exchange (Ca 2+ influx/Na + efflux) 
that SNCX demonstrated an enhanced sensitivity to H 2 0 2 and 
peroxynitrite compared with RNCX. Because the reverse 
mode is opposite to how the NCX normally operates under 
physiologic conditions, we next examined the effects of H 2 0 2 
and peroxynitrite on forward-mode Na + /Ca 2+ exchange (Ca 2+ 
efflux/Na + influx) in cells expressing either SNCX or RNCX. 
This was accomplished by ratiometric fura-2 measurements 
to monitor changes in [Ca 2+ ]i in cells expressing either RNCX 
or SNCX in the presence or absence of H 2 0 2 or peroxynitrite. 
Because the 2 cell lines are similar in every respect except in 
the NCX isoforms that they express, changes in basal [Ca 2+ ]i 
in the presence of H 2 0 2 or peroxynitrite would reflect the 
abilities of these isoforms to regulate [Ca 2+ ]i in response to 
oxidative stress. In the presence of H 2 0 2 or peroxynitrite, 
cells expressing SNCX showed significant increases in 
[Ca 2+ ]i compared with cells expressing RNCX. In addition, 
the initial rate at which [Ca 2+ ]i increased was ^3 -fold greater 
in cells expressing SNCX compared with cells expressing 
RNCX. Thus, the significantly greater increase in [Ca 2+ ]i with 
oxidative stress in cells expressing SNCX reflects the im- 
paired ability of this isoform to regulate [Ca 2+ ]i. These studies 
are consistent with our recent work that demonstrated (1) 
regulation of basal, ie, nonstimulated, [Ca 2+ ]i by the NCX; 
specifically, expression of either RNCX or SNCX lowered 
baseline [Ca 2+ ]i in OK-PTH cells compared with nontrans- 
fected cells and (2) cells expressing SNCX had a reduced 
ability to regulate agonist (ATP)-induced increases in [Ca 2+ ]i. 
In this regard, oxidative stress appears to be another example 
of an "agonist" or stimulus that has greater effects on [Ca 2+ ]i 
dynamics in cells expressing SNCX compared with cells 
expressing RNCX. Our results are also in agreement with 
previous studies that demonstrated that brief exposure of 
Chinese hamster ovary cells (CHO-1) expressing NCX1 to 
the peroxyl-radical-generating azo initiator AAPH and to 
peroxynitrite inhibited exchanger activity. 26 Inhibition of 
exchanger activity occurred as a result of aggregation of the 



exchanger into high-molecular-weight complexes and ex- 
changer fragmentation, which occurred under oxidative stress 
conditions. 26 

To assess a possible mechanism through which oxidative 
stress attenuates exchanger activity, cells expressing RNCX 
or SNCX were treated with 750 jutmol/L H 2 0 2 or 5 mg/mL 
AAPH for 30 minutes. AAPH was used instead of peroxyni- 
trite because peroxynitrite was only stable for a few seconds. 
Total protein was isolated and immunoblotting was carried 
out with a rabbit polyclonal NCX antibody. Our results 
showed that high levels of oxidative stress attenuated the 
levels of both RNCX and SNCX proteins, although we were 
unable to determine whether this attenuation occurred as a 
result of protein fragmentation or aggregation. Therefore, our 
studies demonstrate that inhibition of exchanger activity 
under oxidative stress conditions occurs, at least in part, 
because of attenuation of NCX levels. Whether this results 
from protein degradation or aggregation requires further 
investigation. 

Perspectives 

Oxidative stress and dysregulation of [Ca 2+ ]i dynamics occur 
in hypertension. In the salt-sensitive Dahl/Rapp rat, a model 
of salt-sensitive hypertension, a high-salt diet resulted in 
elevated systolic pressure 16 ' 17 and oxidative stress 16 ' 18 and 
induced heart failure. 16 An NCX isoform that is expressed in 
renal contractile cells of this rat (SNCX), which differs from 
an exchanger isoform that is expressed in renal contractile 
cells of the salt-resistant Dahl/Rapp rat (RNCX), showed 
enhanced sensitivity to oxidative stress. The enhanced sensi- 
tivity of this NCX isoform to oxidative stress might provide 
a basis for the hypertension and renal failure that are 
hallmarks of this model of salt-sensitive hypertension. 
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